CD103 is the α E subunit of α E β 7 integrin that is expressed in tissue-resident memory T cells, where it promotes cytotoxic T cell responses against tumors. However, little is known about its expression or clinicopathological implications in non-small cell lung cancer (NSCLC). This study investigated the prognostic implications of CD103 + tumor-infiltrating lymphocytes (TILs) in NSCLC. We established two cohorts: patients with resected NSCLC (n = 132) and patients with pulmonary squamous cell carcinoma (pSCC), a subset of NSCLC (n = 378), to estimate the prognostic significance of CD103 + TILs. The numbers of CD103 + TILs in the intratumoral (i.e., intraepithelial) and stromal regions of NSCLC were estimated using immunohistochemistry and automated image analysis. In the NSCLC cohort, high numbers of intratumoral CD103 + TILs were significantly associated with prolonged disease-free survival (DFS) and overall survival (OS) in patients with pSCC but not in those with pulmonary adenocarcinoma. In the pSCC cohort, a positive correlation was observed between the numbers of intratumoral CD103 + and CD8 + TILs (correlation coefficient = 0.736, P < 0.001). The ratio of intratumoral/stromal CD103 + TILs was higher in pSCC with high compared to low E-cadherin expression (P = 0.021). According to Kaplan-Meier analysis, high intratumoral but not stromal CD103 + TILs were associated with prolonged DFS and OS in patients with resected pSCC (P = 0.021 and 0.002, respectively). Multivariate analysis revealed that a high number of intratumoral CD103 + TILs is an independent predictor of a more favorable DFS (P = 0.021). Thus, a high number of intratumoral CD103 + TILs is a favorable prognostic indicator in patients with pSCC.
INTRODUCTION
In recent decades, therapies targeting driver gene mutations in tumors have significantly improved the survival of patients with non-small cell lung cancer (NSCLC) [1] . Among the different types of NSCLC, druggable genetic changes have been variably observed in pulmonary adenocarcinoma (pADC), whereas these mutations are rarely found in pulmonary squamous cell carcinoma (pSCC). Moreover, acquired resistance to targeted therapy eventually develops via diverse mechanisms in almost all treated patients [2] [3] [4] . Thus, Research Paper www.impactjournals.com/oncotarget novel therapeutic strategies are needed to overcome these limitations in NSCLC.
Tumor surveillance involves dynamic interactions between tumor cells and variable cell components in the microenvironment, which are also targeted by cancer control strategies [5] . The tumor microenvironment is composed of heterogeneous cells including immune cells, endothelial cells, and fibroblasts. The immune system is critical for regulating tumor development and progression by balancing pro-inflammatory and anti-inflammatory responses [6] . Recently, several immune checkpoints such as the programmed cell death (PD)-1/PD-ligand 1 (PD-L1) and CTLA4 pathways have emerged as immunotherapy targets for solid tumors, particularly NSCLC, thereby improving patient survival [7] . Thus, a comprehensive understanding of immune cell network interactions in the tumor microenvironment is important in clinical oncology. CD8 + cytotoxic T lymphocytes are critical effector cells in adaptive immunity involved in killing tumor cells [8] . Moreover, many studies have demonstrated that high numbers of CD8 + tumor-infiltrating lymphocytes (TILs) are significantly correlated with prolonged survival in patients with various cancers, including bladder, ovarian, and lung cancers [9] [10] [11] [12] . Furthermore, interactions between tumor and immune cells via cell adhesion molecules are critical for maintaining immune responses against tumor cells [13] . Among the adhesion molecules, CD103 is the α E subunit of the heterodimeric α E β 7 integrin that mediates cell adhesion, migration, and signaling via interaction with its ligand, E-cadherin, expressed in epithelial cells [14] . Under homeostasis, CD103 + expression in memory T cells residing in peripheral tissues, including the skin and mucosa, increases the migration and retention of these cells [15, 16] . Moreover, the interaction between CD103 and E-cadherin is responsible for the recruitment and retention of antigenspecific TILs in gliomas, and ovarian cancer, and lung cancer [17] [18] [19] . CD103 expression was observed more frequently in the TILs of intratumoral (i.e., intraepithelial) than stromal regions, and this has been implicated in patient survival [20] [21] [22] .
Recently, high numbers of CD103 + TILs were correlated with improved survival in patients with early stage NSCLC [20] . However, their prognostic implications in patients with NSCLC according to histological subtype and localization remain unclear. Thus, we investigated the expression pattern of CD103 in TILs according to the clinicopathological characteristics of patients with NSCLC.
RESULTS

Immunohistochemical analysis of intratumoral CD103 + TILs in NSCLC
To investigate the potential prognostic value of intratumoral CD103
+ TILs in NSCLC, we performed immunohistochemistry (IHC) analysis of CD103 in the NSCLC cohort (n = 132). The mean numbers of intratumoral and stromal CD103 + TILs/mm 2 were 357.5 ± 368.9 and 225.0 ± 205.5 in patients with pSCC (n = 47) and 182.0 ± 220.9 and 233.0 ± 269.2 in patients with pADC (n = 85), respectively ( Figure 1A and 1B + TILs were correlated with male sex (P = 0.051) and smoking status (P = 0.023) in patients with ADC. Smokers exhibited higher numbers of intratumoral CD103
+ TILs compared to non-smokers among the patients with pSCC; however, this difference was statistically insignificant, potentially due to the skewed population of non-smokers (n = 2) with pSCC. Kaplan-Meier survival analysis revealed a longer disease-free survival (DFS) (P = 0.038) and overall survival (OS) (P = 0.038) among patients with high intratumoral 
CD103
+ TIL numbers in pSCC (Supplementary Figure 1A) . However, the number of intratumoral CD103 + TILs was not significantly related to DFS or OS in patients with pADC (Supplementary Figure 1B) . 
+ TILs account for the majority of CD103 + TILs [18, 20, 23] . Thus, we analyzed CD8 and CD103 expression in TILs of pSCC intratumoral and stromal regions. In the intratumoral regions, the number of CD103
+ TILs was higher than that of CD8 + TILs (222.2 ± 299.0 and 175.0 ± 268.8, respectively; P <0.001), whereas in the stromal regions, the number of CD8 + TILs was much higher than that of CD103
+ TILs in stromal areas (173.2 ± 175.4 and 108.7 ± 185.0, respectively; P < 0.001). However, the numbers of CD103 + and CD8 + TILs were positively correlated in intratumoral regions (r = 0.736, P < 0.001, as shown in Figure 2 ). Moreover, the clinicopathological characteristics of patients with pSCC were evaluated with respect to the numbers of CD103
+ and CD8 + TILs in intratumoral and stromal regions (Table 1) . Tumor size was inversely correlated with the number of intratumoral CD103
+ TILs (P = 0.037), whereas smokers exhibited significantly high numbers of stromal CD103 + (P < 0.001) and CD8
+ TILs (P = 0.001) in the pSCC cohort.
Relationship between intratumoral CD103 + TIL numbers and E-cadherin expression in pSCC tumor cells
Several studies have demonstrated that the interaction between E-cadherin expressed on epithelial cells and CD103 expressed on lymphocytes plays an important role in the retention of antigen-specific lymphocytes within epithelial tissue [17] [18] [19] . Thus, we analyzed and compared E-cadherin expression in tumor cells with respect to the number of intratumoral CD103
+ TILs. The expression of E-cadherin was higher in patients with pSCC (58.3%) compared to those with pADC (29.7%) in NSCLC cohort (Supplementary Table 1 ) and the H-score of E-cadherin was higher in patients with pSCC (mean, 92.8) than in those with pADC (mean, 52.1) among NSCLC cohort. In pSCC cohort, the mean H-score of E-cadherin is 130.0.
The number of intratumoral CD103 + TILs appeared to be higher in pSCC positive for E-cadherin than pSCC negative for E-cadherin expression, but this result was statistically insignificant (Supplementary Table 1 ). The numbers of intratumoral CD103 + TILs were not significantly correlated with E-cadherin expression in tumor cells in the pSCC cohort (Table 2) . However, the ratio of intratumoral/ stromal CD103 + TILs in pSCC was positively associated with E-cadherin expression in tumors (P = 0.021).
Prognostic significance of CD103
+ and CD8
+ TILs in pSCCs
On univariate survival analysis, age, tumor size, tumor stage, and intratumoral CD103 + TIL numbers were associated with DFS in patients with pSCC (data not shown). Higher numbers of intratumoral CD103 + TILs + and CD8 + TIL numbers, and the correlation was analyzed using Spearman's rank correlation coefficient.
were significantly associated with prolonged DFS and OS (P = 0.021 and 0.002, respectively; Figure 3A ), whereas the numbers of intratumoral CD8 + TILs was associated with prolonged DFS (P = 0.046, Figure 3C ) but not OS (P = 0.113). The number of stromal CD103 + or CD8 + TILs was not associated with DFS (P = 0.521 and 0.275, respectively) or OS (P = 0.599 and 0.827, respectively; Figure 3B and 3D). Furthermore, multivariate analysis revealed that age, lymph node metastasis, and intratumoral CD103 + TILs were independent prognostic factors for DFS in pSCC (Table 3) .
DISCUSSION
CD103 is expressed in various immune cells including CD8
+ , CD4
+ T cells, natural killer cells, natural killer-like T cells, as well as mast cells and dendritic cells [18, 21, 24] . Furthermore, CD8 +
CD103
+ TILs showed features characteristic of tissue-resident memory T cells that exhibit tumor-specific cytolytic abilities upon stimulation [20] . These findings suggest that CD103 + TILs are critically involved in tumor surveillance. Our study demonstrated that a high number of intratumoral CD103 + cells was associated with a favorable prognosis in patients with pSCC but not pADC. Consistent with our results, CD103 expression was observed in 10-30% of CD8 + TILs isolated from NSCLC tissues [20] . Moreover, high numbers of CD103 + cells among intratumoral CD8 + T cells have been associated with more favorable prognoses in patients with ovarian and bladder cancers [18, 22] . Based on these results and those from our study, we suggest that the infiltration of CD8 +
+ TILs is also a predictor of very favorable prognoses in patients with pSCC, as well as those with ovarian and bladder cancers. Crosstalk between cells in intratumoral and stromal regions might be critical for tumor surveillance, suggesting that investigating CD103 expression patterns in these two tumor regions may enable a more comprehensive understanding of the tumor microenvironment. In this study, the preferential expression of CD103 and CD8 in the immune cells of intratumoral rather than stromal regions was associated with a good prognosis in patients with pSCC. Previously, we reported that CD8
+ TILs were associated with the expression of PD-1 pathway-related molecules and a better prognosis in patients with pSCC [25] , similar to other types of cancers [9] [10] [11] [12] . Nevertheless, multivariate survival analysis revealed that the number of intratumoral CD103 + TILs is a more powerful predictor of patient survival than the number of CD8 + TILs in pSCC. Meanwhile, tumor-infiltrating regulatory T cell (Treg) also expresses CD103 [26, 27] . To address this, we evaluated the intratumoral and stromal Tregs using immunohistochemistry for FoxP3 (a representative marker of Treg) in pSCC cohort. The numbers of FoxP3 + TILs in intratumoral and stromal regions were 18.4 ± 31.6 and 37.7 ± 44.6, respectively (data not shown). previous studies and our present study, it is suggested that the favorable prognostic implication of high intratumoral CD103 + TILs may be attributable to the CD8 + CD103 + TILs rather than CD103 +
CD4
+ Tregs. In this study, a significant prognostic implication of CD103 expression in TILs was observed in SCC but not in ADC subtype of NSCLC. A high number of intratumoral CD103
+ TILs was related to improved survival in pSCC. In several studies, the interaction between CD103 and E-cadherin increased granule polarization and exocytosis in TILs [13, 14] and enhanced recruitment and retention of tumor-antigen specific TILs, in ovarian serous carcinoma, glioma, and NSCLC [17] [18] [19] . In our study, the H-score and positivity of E-cadherin expression were much higher in pSCC than in pADC. Moreover, a significantly higher ratio of intratumoral/stromal CD103 + TILs was observed in pSCC expressing high levels compared to low levels of E-cadherin. Based on these findings, it is feasible that the interaction between CD103 expressed in TILs and E-cadherin expressed in tumor cells might affect tumor immune surveillance and clinical outcomes in patients with pSCC.
Recently, PD-1/PD-L1-targeted immunotherapy was approved by the U.S. Food Drug Administration for the treatment of patients with advanced NSCLC and was deemed a highly promising and safe therapy for cancer [7] . PD-1 expression is induced in T cells that are chronically stimulated by antigens, including viral and tumor antigens [7] . Thus, it is feasible that CD103 + T cells entrapped in the intratumoral (i.e., intraepithelial) compartment are exhausted by chronic tumor antigen stimulation, thereby up-regulating PD-1 [28] . Consistent with this suggestion, we observed a strong positive correlation between the number of PD-1 + and CD103 + TILs in pSCC (r = 0.449, P < 0.001, data not shown). Moreover, CD8
+
CD103
+ TILs display a tumor-specific, tissue-resident memory T cell phenotype and frequently express immune checkpoint molecules including PD-1 and Tim-3 [20] . Taken together, we suggest that intratumoral CD103 + TILs may serve as a predictive biomarker for PD-1/PD-L1-targeted immunotherapy in NSCLC, as previously proposed [28] .
The favorable prognostic implication of high CD103 + TILs and the positive correlation between CD103 + and PD-1 + TILs might seem to be conflicting, considering that PD-1 is a maker of exhausted T cells. Our and other groups demonstrated that a high number of PD-1 TILs was associated with better prognosis in patients with pADC, pSCC and head and neck SCC [12, 25, 29] . It was suggested that increased PD-1 + TILs may reflect a preexisting immune response against tumor cells, thus being associated with favorable prognosis of patients with tumor.
Meanwhile, the so-called "immunoscore" has been established as a prognostic biomarker for anti-tumor immune responses [30] . This has been confirmed by many studies using various methods [12, 25, 31, 32] . Among these methods, IHC has emerged as a powerful technology to predict tumor progression and patient survival. However, this method needs to be improved, because interpretation of IHC results is often subjective and dependent on the interpreter. To overcome this limitation, we interpreted IHC results by computer program-based image analysis, which often provides an objective and reproducible interpretation, although standard guidelines need to be established further.
In conclusion, this study suggests that intratumoral CD103 + TILs represent an important prognostic biomarker for predicting better survival in patients with pSCC, and as such, may be a potential target candidate for the development of cancer immunotherapies.
MATERIALS AND METHODS
Patients and samples
In this study, we established two cohorts: patients with NSCLC and those with pSCC specifically. For the NSCLC cohort, 132 consecutive patients with pADC (n = 85) and pSCC (n = 47), who underwent resection at Seoul National University Hospital (SNUH), were retrospectively evaluated for the potential prognostic value of CD103 + TILs in NSCLC. For the pSCC cohort, 378 patients with pSCC who underwent surgery and had been followed up at SNUH were evaluated to validate the findings in the NSCLC cohort. We excluded those patients who had received chemotherapy before surgery or those who had distant metastasis at the time of diagnosis. Clinicopathologic data and the pathologic tumor-nodemetastasis stage according to the 7th American Joint Committee on Cancer were obtained from medical and pathological records. A tissue microarray was constructed from 2 mm diameter cores derived from representative tumor regions of formalin-fixed paraffin-embedded tissue blocks. This study was performed in accordance with the recommendations of the World Medical Association Declaration of Helsinki and was approved by the Institutional Review Board of SNUH (H-1404-100-572).
Immunohistochemistry
IHC for CD103 was performed using a rabbit monoclonal CD103 antibody (Abcam; Cambridge, UK) and the Benchmark XT autostainer (Ventana Medical Systems; Tucson, AZ, USA). IHC for CD8 (rabbit IgG, clone SP16, Thermo Scientific Fischer; Rockford, IL, USA), Foxp3 (Ab20034, Abcam; Cambridge, UK) and E-cadherin (clone 36B5, Novocastra; New Castle, UK) was performed using the Bond-Max automated immunostainer (Leica Microsystems; Melbourne, Australia). E-cadherin IHC results were evaluated based on staining intensity in tumor cell membranes and scored as follows: : 0, negative; 1, weak or moderate in ≤ 5% of tumor cells; 2, moderate in ≥ 5% of tumor cells; 3, strong in ≥ 5% of tumor cells. A score of 2 or 3 was considered positive for E-cadherin expression. H-score was calculated using the formula, the representative staining intensity of each case × the percentage of expressed tumor cells.
Automated quantification of CD103
+ , CD8
+ and FoxP3 + TILs
Automated counting of TILs on IHC slides was performed as previously reported. [12, 25] Briefly, slides stained for CD8, CD103 and FoxP3 were scanned using the Aperio ScanScope (Aperio Technologies; Vista, CA, USA), and automated counting was performed using modified nuclear algorithms for IHC in the Aperio ImageScope software (Aperio Technologies). The numbers of intratumoral and stromal CD103 + , CD8
+ and FoxP3 + TILs per unit area (mm 2 ) were calculated and used for statistical analyses.
Statistical analysis
Quantitative data with a normal distribution are presented as means ± standard deviation. All of the statistical analyses were performed using SPSS software (version 23; IBM Corp., New York, NY, USA). Comparisons between variables were performed using the Student's t-test. Cut-off intratumoral or stromal CD103 + ,
CD8
+ and FoxP3 + TIL numbers were determined based on the means for categorical analyses. DFS was measured from the date of surgery to that of recurrent or metastatic disease occurrence. OS was measured from the date of diagnosis to that of death from any cause. Survival analysis was performed using the Kaplan-Meier method with the log-rank test. Multivariate Cox regression analysis was performed with consideration of co-linearity. Two-sided P values < 0.05 were considered statistically significant.
